In this study we compared the sensitivity of immunoqtochemical procedures, using conventional and time-resolved fluorescent dyes, in a model system consisting of paraformaldehyde-fixed human lymphocytes. The lymphocytes were stained for the presence of the CD4 epitope by indirect immunofluorescence using FITC as label or by using timeresolved luminescent immunophosphors. These immunophosphors were primarily developed for use under time-resolved fluorescence conditions, but they are also very well suited for use in conventional fluorescence microscopes. The differently labeled cells were fmt examined visually with a conventional fluorescence microscope in a double-blind study. The fluorescence 'wds also measured w i t h a CCD camera mounted on a specially constructed time-resolved fluorescence microscope which allows the suppression of the fast * Supported by the Council for Medical Research ( W O -G M W ) grant 900-534-059, the Netherlands Organization for Scientific Research (NWO-PGS) grant 90-129.90. and by Biores B.V.,
Introduction
During the past 10 years there has been increasing interest in the application of fluorescent labels for visualization of macromolecules by, among others, immunocytochemistry or in situ hybridization techniques (6,12). Fluorescent labels are sensitive and well suited for simultaneous detection of multiple antigens because excitation and emission can be separated on the basis of both narrow band excitation and selective detection of emission. Furthermore, low levels of fluorescence can be detected with silicon-intensified target (SIT) cameras or with, for this purpose, recently introduced charge-coupled device (CCD) cameras (1,8) . The combination of these cameras with a computer to process and analyze the luminescence signal allows the detection of very small amounts of fluorophores (10).
Unfortunately, the fluorescent label itself is not the only contributor to the observed luminescence signal. Contributions can be expected from the biological material that contains molecules that also show fluorescence on excitation; this phenomenon is called autofluorescence. In addition, fixative-induced fluorescence, intrinsic fluorescence of lenses, and glare and reflections of excitation light in the microscopic system significantly contribute to the observed fluorescence signal. For example, autofluorescence of cells may have an intensity of several thousand fluorescein equivalents ( 2 3 ) . The theoretical sensitivity of fluorescent labels is unachievable because of this unwanted background fluorescence, resulting in a decreased contrast between the fluorescence signal and the autofluorescence.
Many efforts have been made to circumvent the problem of unwanted background fluorescence, thereby improving the sensitivity of the method, because of the attractiveness of fluorescent labels. The contrast between specific fluorescence and disturbing autofluorescence can be improved by the use of dyes that are excited at relatively long wavelengths and emit in the red or infrared part of the spectrum where little autofluorescence occurs; examples are the cyanine dyes (7,ll).
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Specific-label fluorescence and autofluorescence can also be discerned by use of dyes with relatively long-lived luminescence. Autofluorescence is a fast decaying luminescence process with lifetimes on the order of maximally 100 nanoseconds, whereas phosphorescent and delayed luminescent dyes have lifetimes in the range of microseconds up to seconds. The two luminescence phenomena can be distinguished by using a pulsed excitation light source and selective gating of the emission signals, resulting in complete suppression of the unwanted autofluorescence and visualization of the dye luminescence only. Examples of immunocytochemistry-applicable dyes showing such long lifetimes are inorganic crystals (phosphors), widely used in cathode-ray tubes, television screens, and luminescent lamps (3,4,16), and lanthanide chelates (14,15). In theory, the use of these dyes leads to an increased sensitivity in comparison with conventional fluorescent dyes such as TRITC and FIX, because noise in the form of autofluorescence is effectively suppressed.
An additional advantage of the phosphors is that their luminescence is strong, practically non-fading, and not significantly influenced by pH or temperature (4). Immunologically active phosphor conjugates are made by adsorption of the proteins to the surface of the phosphor particles (4), a method comparable to the preparation of immunogold particles.
In this study we compared the sensitivity of immunocytochemical staining of paraformaldehyde-fixed lymphocytes stained for the presence of the CD4 epitope either with a conventional fluorescent conjugate or with delayed luminescent phosphor conjugates. The comparison was twofold: cells were examined visually with a conventional fluorescence microscope and with a cooled chargecoupled device (CCD) camera mounted on a time-resolved microscope.
Materials and Methods
Preparation of Phosphor Conjugates, Inorganic phosphors (kindly provided by Nederlandse Philips Bedrijven BV, Technology Centre Display Components; Eindhoven, The Netherlands) were ground to an average size of 0.1-0.3 pm by ball milling, in the presence of polycarboxylic acids (Additol XW 330). (Hoechst; Frankfurt, Germany). These negatively charged polycarboxylic acids stabilize the phosphor particles and prevent them from aggregation. Phosphors used in this study consisted of the red luminescent yttriumoxisulfide activated with europium, Y202S:Eu3+ (emission maximum 620 nm, lifetime 760 psec) on excitation with uv (360 nm).
Proteins were physically adsorbed to the surface of the phosphor by the following protocol. The suspended phosphor particles (4 mg phosphor partides per ml suspension) were washed twice with Hepes-buffered saline [HBS:
10 mM Hepes (Serva; Heidelberg, Germany), 136 mM NaCI, pH 7.4) then sonicated (20 sec, 40 W, on ice, Branson sonifier B-12 equipped with microtip) (Danbury, CT). The phosphor suspension was sonicated directly after adding proteins in defined concentrations. Suspensions were agitated for 1 hr at room temperature and then washed three times with HBS, pH 7.4, to remove unadsorbed proteins. The conjugates were washed twice and suspended in 0.1% BSA-HBS, pH 7.4 (BSA purity 98-99%) (Sigma; St Louis. MO) and stored at 4°C. Thus prepared, protein A-phosphor conjugates contained 100 pg of protein A (Pharmacia; Uppsala, Sweden) per ml of phosphor suspension.
To obtain standardized immunophosphor conjugates, they were tested for their ability to detect mouse anti-CD4 spotted onto nitrocellulose filters in dilutions from 100 ng to 1 pg. In general, specific staining was observed for amounts as low as 100 pg ( 5 ) .
Evaluation of Phosphorand Fluorescein-labeled Conjugates. The detection sensitivity of conventional FIE-labeled antibodies and phosphorlabeled antibodies was compared by determining their ability to detect the CD4 antigen present on the membrane of 45 f 10% of human lymphocytes when a diluted mouse anti-Leu3a monoclonal antibody was used (Becton Dickinson; San Jose, CA). Lymphocytes were isolated by density gradient centrifugation with Ficoll-Isopaque. The cells were fixed with 5 % paraformaldehyde in PBS for 1 hr at room temperature, washed with PBS, and stored in PBS at 4°C. All immunocytochemical staining was performed at room temperature using immunoreagents dissolved in 0.1% acetylated BSA (Aurion BV: Wageningen, The Nether1ands)lHBS. pH 7.4.
Immunocgtochemid Labeling. Lymphocytes (10' cells in 100 pl buffer per single experiment) were washed three times with 0.1% acetylated BSA-HBS, pH 7.4, and incubated for 30 min with the appropriate concentration ofthe m o w anti-leu3a antibody diluted in 0.1% acetylated BSA-HBS, pH 7.4. The dilutions that were used for comparison by conventional fluorescence microscopy are listed in Table I ; the dilutions used for preparations observed by time-resolved fluorescence microscopy were 1:250, 1:1250, 1:5000. 1:25,000, and 1:75.000.
After incubation the cells were washed three times and incubated with either a 1:lOOO dilution of goat anti-mouse antibodies or a 1:lOO dilution of biotinylated goat anti-mouse antibodies (Sigma) for 45 min and subsequently washed again three times. The cells were incubated with a protein A-phosphor conjugate (100 pglml phosphor suspension) or with a 1:500 diluted avidin d F I X (F/P ratio 5.3) (Vector; Burlingame, CA). Phosphor conjugates were sonicated (10 sec, 40 W) before incubation to dissociate any phosphor aggregates. The phosphor conjugate was added to the reaction mixture (1 pl to 100 pl) which was then centrifuged at 250 x g for 5 min. The pellet was allowed to incubate for 1 hr at room temperature. Three quarters of the supernatant was then removed and the pellet was carefully re-suspended in the remaining supernatant by gentle pipetting. Lymphocytes incubated with the avidin d FIE conjugate were washed three times before examination. Microscopic preparations were made by pipetting 10 pl of the cell suspension on a glass slide. A coverslip was then positioned and mounted at the edges with Fluoromount mounting medium (Gurr; High Wycombe, UK). Preparations were evaluated on the same day they were made.
Microscopy.
The labeling experiments with the mouse anti-Leu3a monoclonal antibodies in various dilutions were evaluated with either a normal conventional fluorescence microscope or a time-resolved fluorescence microscope (4) equipped with a cooled CCD camera.
An Olympus BH-2 microscope using standard continuous excitation was used for conventional fluorescence microscopy. The microscope was equipped with a mercury arc lamp (HBO-100). a chromatic beam splitter at 400 nm, and a standard w/blue block for illumination. Observations were made with an Olympus UVFL x 40 PL, NA 1.30 silicon oil-immersion lens. Examination and judging of the slides were performed by two independent observers without prior knowledge of the dilution of the antibody.
Time-resolved fluorescence microscopy was carried out with a modified Leitz Orthoplan epifluorescence microscope, equipped with a Xenon flash lamp and a filterblock A (Leitz, bandpass filter 340-380 run, dichroic mirror TK400) to provide the excitation pulses for UV excitation and a filterblock I2 for excitation with blue light (bandpass filter 450-490 nm, dichroic mirror TK5lO). A long wavepass filter LP 430 was positioned at the emission side in the case of w excitation and a long wavepass filter LP 515 in the case of blue excitation. A plexiglass disc with transparent and non-transparent segments was mounted at the emission side of the microscope. The velocity of the disc and the delay were chosen such that during and shortly after the excitation pulse the emission pathway was blocked by the non-transparent segment of the disc, typically during the first 250 psec (3). The position of the disc (6000 rpm) was monitored by an IR light interrupter, resulting in a trigger to the power supply to flash the lamp. Normal flash rates were 50 flashes per sec, resulting in an apparently continuous fluorescence image for the human eye.
To investigate the ratio of delayed and prompt fluorescence of the lymphocyte preparations and to determine the efficacy of the time-resolved microscope in suppressing fast decaying fluorescence, the delay was also set in such a way that the lamp was flashed when the transparent segments intersected the light path. This situation, further referred to as continuous time-resolved fluorescence (CTRF), mimicked continuous excitation because the prompt fluorescence is not suppressed under these conditions. In this way, no significant difference in illumination intensity between the continuous mode and the time-resolved mode existed, a situation that was considered necessary to make a fair comparison of the two methods. The timeresolved fluorescence microscope was fitted with an Olympus UVFL x 40 PL, NA 1.30 silicon oil-immersion lens.
Image ColIection and Analysis. For the recording of the images, the time-resolved microscope was equipped with a CCD camera (Photomeuics Tucson, AZ). This CCD camera contains a thermoelectrically cooled KAF chip of 1024 x 1345 pixels of 6.8 x 6.8 pm each, coated with a Metachrome I1 down-converter coating to increase the blue sensitivity. The operation temperature of the camera was 241 K. The 12-bit images were transferred, using a DMA-WE interface, to a memory board installed in a SUN 330GX workstation.
A short wavepass filter. SP 630, was placed in front of the CCD camera to suppress image-disturbing excitation and reflection phenomena at wavelengths above 630 nm when the microscope was used in CTRF mode. This precaution was taken because most interference filters used in fluorescence microscopy pass far red and infrared light, for which a CCD camera is relatively sensitive.
First, a series of images was collected and stored on (optical) disk, after which they were analyzed. The selection of a microscopic field and focusing were performed visually, using the autofluorescence of the lymphocytes observed with uv excitation. By this procedure, fading of the conventional fluorescence was kept to a minimum. For each microscope field two images of 1024 x 1024 pixels, using a binning factor of 2, resulting in a 512 x 512 image, were recorded: a continuous time-resolved fluorescent (CTRF) and a time-resolved fluorescent (TRF) image. The exposure time for each image was kept constant within one series of images, representing one dilution of the mouse monoclonal antibody, detected with either protein A-phosphor conjugates or FIX-labeled avidin d conjugates. Exposure times varied between 20 sec for the lowest dilution and 35 sec for the highest dilution of mouse monoclonal antibody. For representative sampling approximately 125 cells per slide, distributed over at least five microscopic fields, were analyzed.
These images were analyzed by a program developed using the TCL image software package, developed at the Technical University of Delft (Multihouse; Amsterdam, The Netherlands). First, digital filtering techniques were applied to estimate the local background and to correct for possible uneven illumination. This resulted in a background image. This image was then subtracted from the original image. Image processing methods were used to segment lymphocytes from background. Touching lymphocytes were separated manually by drawing a line in the images using a mouse controller. Overlapping lymphocytes were not taken into account for analysis.
The following parameters were calculated for each object: (a) object area expressed in number of pixels (N); (b) integrated intensity of all pixels within this area (Iuca); (c) average background taken for the total image (Bavcr); (d) the intensity corrected for this background (Icorrmt), i.e., (Iuea) -(N.Bavcr); (e) the highest pixel intensity (Ima); and (f) the average intensity per pixel (Iavcr). These last two parameters were calculated with and without correction for the background signal. The segmented objects in the CTRF image served as a mask for the determination of the same parameters in the TRF image. All values were stored in data files, which were analyzed on an Apple Macintosh fi computer using the Statview 512 + and Cricket Graph software packages.
Estimation of Suppression of Autduorescence. Latex beads labeled with fluorescein (Polyscience; Warrington, PA), diameter 2.98 pm, were used as a model system to estimate the suppression of autofluorescence with timeresolved fluorescence microscopy. Time-resolved images were recorded until the objects could be discerned. Continuous time-resolved images were recorded for 5 sec with a combination of neutral density filters, transmitting only 1.8 x of the total light intensity placed in the orcitation light path.
Results

Continmus Excitation, Conventional Microscopy
To compare the sensitivity of FITC conjugates and immunophosphor conjugates, the staining of fixed human lymphocytes labeled with F I E conjugates as well as with immunophosphors was evaluated. The following criteria were used to evaluate the staining results: the difference between positive and negative cells within a preparation, the intensity and appearance of labeling, and finally the percentage of labeled cells.
First, the lowest possible dilution of the primary antibody was established before blind evaluation of the preparations was performed. Preparations incubated with antibody concentrations down to 1:30,000 dilutions could still be scored visually as positive. The amount of labeling gradually diminished in accordance with the dilution range, both in F I T -and in immunophosphor-labeled lymphocytes. Lymphocytes incubated with antibody concentrations higher than M O O showed abundant labeling, but some nonspecific staining was observed in the control experiments in which the secondary antibody was omitted or non-reacting antibodies were applied. This phenomenon was not observed in the case of lower antibody concentrations. Generally satisfactory results were observed for dilutions ranging from 1:200 to 1:5000. Preparations incubated with antibody concentrations equal to or lower than a 1:5000 dilution and labeled with F I X conjugates still showed membrane labeling. The appearance of labeling, however, had altered: the continuous ring type of fluorescence became discontinuous (speckled). Interpretation of the labeling was seriously hampered by this speckling, especially in the case of higher dilutions.
The specimens were examined by two independent observers without prior knowledge of the concentration of mouse monoclonal antibody. In addition to the criteria described above, an additional parameter was introduced for the judgment of immunophosphor-labeled lymphocytes. A preparation was scored positive only then when the observed staining formed a ring. This was found necessary because the samples generally contained non-reacted phosphor particles that could not be removed after the labeling procedure (4). These particles normally do not hamper the interpretation of the staining, but in the higher dilutions of the primary antibody such free particles in the close neighborhood of a cell could cause false positive cells. Furthermore, no correction was made for the different sensitivity of the human eye for observing light of various wavelengths.
The results of this blind evaluation are presented in Table 1 . With respect to the FIT-stained samples, it was found difficult to distinguish samples stained with low concentrations of mouse monoclonal antibodies from control samples incubated with mouse ~~ monoclonal antibodies at high concentrations. In both populations the characteristic ring fluorescence was absent and speckling occurred. Preparations incubated with high concentrations of primary antibody (1:25, 1:250) showed relatively high background fluorescence. In these samples the lymphocytes showed an overall greenish fluorescence, which was not observed at lower concentrations. As can be concluded from Table 1 , a distinction between positively and negatively labeled cells could be made as far as a dilution of 1:30,000. This distinction for incubations with monoclonal antibody concentrations lower than or equal to 1:5000/1:10000 was hampered by the aforementioned speckled type of labeling. Interpretation of the staining results in samples incubated with the highly diluted mouse monoclonal antibody was very difficult: positive cells were observed but their number was usually too low (e.g., lower than the expected 45 10./0). Such a result was scored as + /in the table.
With respect to the immunophosphor conjugates, it was noted that only very high concentrations (1:25) of mouse monoclonal antibody gave rise to nonspecific binding, corresponding to the positive signals obtained at lower dilutions (1:5000). Nevertheless, it was possible to distinguish between these two populations. From Table 1 it can be concluded that even at low concentrations of mouse monoclonal antibody positive and negative cells could still be distinguished within one preparation. This was facilitated by the fact that the red luminescence of the immunophosphors was easily distinguished against the blue fluorescence of the fixed lymphocytes on excitation with w light.
Judgment of FIT-labeled cells was seriously hampered by the fact that below certain concentrations the fluorescence was difficult to interpret. Immunophosphor-stained cells did not suffer from this handicap. A comparison of both labels revealed that the use of immunophosphoa allowed the detection of lower concentrations of mouse anti-Leu3a monoclonal antibody.
Time-resolved Microscopy
For time-resolved fluorescence analysis, two images were recorded, one in continuous fluorescence (CTRF) mode acd one in timeresolved fluorescence (TRF) mode, both obtained by excitation of the preparation with the xenon flash lamp. A representative exam- Figure 1 . The non-filtered CTRF image was recorded to serve as a mask for the time-resolved fluorescence images of the samples stained with immunophosphon. Images recorded with a long wavepass filter, LP 590 nm, showed insufficient image contrast to function as a mask to localize the negative cells.
Objects with prompt fluorescing components only could not be distinguished from the background in the TRF images, at least not for the integration time used. Analysis of the obtained data files revealed that FIE-labeled objects did not show any detectable time-resolved fluorescence intensity. Even for the strongest fluorescent objects, achieved at high concentrations of the mouse 
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monoclonal antibody, the prompt fluorescence signal was completely suppressed (Figure 2) .
For all antibody concentrations, a large difference in staining intensity was observed among positively labeled cells, both in the case of F I E labeling and for immunophosphor staining (Figures  2-4) . Immunophosphor-labeled cells could clearly be discriminated because they showed luminescence intensity in the CTRF mode as well as the TRF mode. Lymphocytes incubated at low concentrations of mouse monoclonal antibody (1:SOOO) (Figure 3) showed the same response although the observed intensities were less.
In the preparations incubated at lowest concentrations of mouse 000 and 1:75,000 ) no difference could be seen between the negative and positive populations in FITClabeled preparations (Figure 4 ). This discrimination, however, was feasible at all dilutions when immunophosphor-labeled cells were analyzed.
Suppression of Autofluorescence
A different approach was chosen to make an estimation of the suppression of autofluorescence using this time-resolved fluorescence microscope.
Latex beads labeled with fluorescein were used as a model system to estimate the suppression of autofluorescence. These beads were highly fluorescent wen in CTRF mode and did not show too much bleaching (maximally 16%) during measurements. To stay within the 12-bit range of the CCD camera, continuous timeresolved images were recorded for 5 sec with a combination of neutral density filters, transmitting only 1.8 x 10-3 of the total light intensity, placed in the excitation light path. Time-resolved images were recorded until the objects could be discerned, normally after 120 sec ( Figure 5 ). After image processing and analysis the suppression was found to be better than 1 to loG.
Discussion
Several considerations had to be made for an objective comparison of the detection sensitivity provided by prompt fluorescent labels and labels suited for time-resolved microscopy. Fixed human lymphocytes in combination with the mouse anti-Leu3a monoclonal antibody were chosen as a model system because immunophosphon are well suited for the labeling of membrane antigens, since the size of the phosphor particles does not allow the staining of intracellular macromolecules. In addition, the antigen is present on the membrane of 45 2 10% of the peripheral blood lymphocytes, thereby providing an internal control.
The red luminescent phosphor yttriumoxisulfide. activated with europium, was chosen because this label can be excited with nearuv light. Other phosphors were not considered suited, since they can either not be effectively excited at this wavelength or not be ground to a size of 0.1-0.3 pm with preservation of luminescence (3). Two different antibody staining systems were used: FIE-labeled avidin and phosphor-labeled protein A. It was found very difficult to use two labeling systems with the same characteristics. At first, F I E -or phosphor-labeled protein A conjugates were used. The available FIE-labeled protein A conjugates did not perform optimally. The staining results were either very weak or else use of the conjugate resulted in nonspecific staining. Second, FITCor phosphor-labeled avidin d conjugates were used. Avidin d phosphor (100 pglml) conjugates showed tendency towards aggregation, which hampered image analysis. Therefore, we choose the best of both staining systems: avidin d-FITC conjugates and protein A-phosphor conjugates. Both conjugates gave similar staining resc1.s when applied in normal dilutions (1:500). FITC conjugates were chosen as conventional fluorescence labels, since the majority of fluorescence immunoassays are carried out with F I E conjugates.
In the procedure and the analysis described here, the exact suppression of background fluorescence could not be determined from the results of the cell staining, i.e., the integration time for both the CTRF and the TRF image was kept constant. As a result, the measured suppression factor could not exceed 4095 times as given by the 12-bit range of the CCD camera. Integration of the timeresolved fluorescence could have been continued until the objects could be discerned from the background. However, this was not considered a practical proposition for weakly fluorescent objects because exposure times would be exceptionally long. Therefore, latex beads labeled with fluorescein were used as a model system.
In this study, the potentialities of immunophosphors as sensitive labeling reagents have been demonstrated. The label may be particularly useful in demonstrating low levels of antigens that cannot be revealed with conventional fluorescence. In addition to this suitability for time-resolved fluorescence microscopy, inorganic phosphors do not fade on excitation with w light, thereby allowing long integration times. Unfortunately, these inorganic crystals cannot be applied for the demonstration of intracellular antigens because of the relatively large particle size of the immunophosphors. Therefore, it is still necessary to develop soluble time-resolved fluorescent labels with sufficient quantum efficiency. Some promising results with respect to the use of fluorescent chelates for the demonstration of nucleic acid hybridizations and proteins have been reported (14) . Other potential candidates are the group of the cryptands, thus far used only in the detection of immobilized nucleic acid on solid support (13).
However, it is realized that the observed time-resolved fluorescence signal is about one quarter that of the conventional fluorescence signal at the same level of excitation energy. The time needed to open the emission pathway is much longer (250 psec) than the time needed for the fast decaying fluorescence signal to become extinct (100 nsec). This results in blocking out part of the phosphorescence signal also. It should be stressed that this time-resolved microscope was built with the purpose of developing an instrument with minimal investment in specialized equipment such as highenergy pulse laser systems or time-gated cameras. The time that the emission signal is blocked can be considerably shortened to recover as much of the phosphorescence as possible. More emission light will also be generated at higher excitation frequencies and disc velocity (17). This was achieved by the development of a system with one disk intersecting both excitation and emission pathways (17).
With further development and refining of luminescent reagents and modified fluorescence microscopes, time-resolved fluorescence microscopy may significantly contribute to improvement of the detection sensitivity of fluorescence microscopy.
